In mammals, cadmium is widely considered as a non-genotoxic carcinogen acting through a methylation-dependent epigenetic mechanism. Here, the effects of Cd treatment on the DNA methylation patten are examined together with its effect on chromatin reconfiguration in Posidonia oceanica. DNA methylation level and pattern were analysed in actively growing organs, under short-(6 h) and long-(2 d or 4 d) term and low (10 mM) and high (50 mM) doses of Cd, through a Methylation-Sensitive Amplification Polymorphism technique and an immunocytological approach, respectively. The expression of one member of the CHROMOMETHYLASE (CMT) family, a DNA methyltransferase, was also assessed by qRT-PCR. Nuclear chromatin ultrastructure was investigated by transmission electron microscopy. Cd treatment induced a DNA hypermethylation, as well as an up-regulation of CMT, indicating that de novo methylation did indeed occur. Moreover, a high dose of Cd led to a progressive heterochromatinization of interphase nuclei and apoptotic figures were also observed after long-term treatment. The data demonstrate that Cd perturbs the DNA methylation status through the involvement of a specific methyltransferase. Such changes are linked to nuclear chromatin reconfiguration likely to establish a new balance of expressed/repressed chromatin. Overall, the data show an epigenetic basis to the mechanism underlying Cd toxicity in plants.
Introduction
In the Mediterranean coastal ecosystem, the endemic seagrass Posidonia oceanica (L.) Delile plays a relevant role by ensuring primary production, water oxygenation and provides niches for some animals, besides counteracting coastal erosion through its widespread meadows (Ott, 1980; Piazzi et al., 1999; Alcoverro et al., 2001) . There is also considerable evidence that P. oceanica plants are able to absorb and accumulate metals from sediments (Sanchiz et al., 1990; Pergent-Martini, 1998; Maserti et al., 2005) thus influencing metal bioavailability in the marine ecosystem. For this reason, this seagrass is widely considered to be a metal bioindicator species (Maserti et al., 1988; Pergent et al., 1995; Lafabrie et al., 2007) . Cd is one of most widespread heavy metals in both terrestrial and marine environments.
Although not essential for plant growth, in terrestrial plants, Cd is readily absorbed by roots and translocated into aerial organs while, in acquatic plants, it is directly taken up by leaves. In plants, Cd absorption induces complex changes at the genetic, biochemical and physiological levels which ultimately account for its toxicity (Valle and Ulmer, 1972; Sanitz di Toppi and Gabrielli, 1999; Benavides et al., 2005; Weber et al., 2006; Liu et al., 2008) . The most obvious symptom of Cd toxicity is a reduction in plant growth due to an inhibition of photosynthesis, respiration, and nitrogen metabolism, as well as a reduction in water and mineral uptake (Ouzonidou et al., 1997; Perfus-Barbeoch et al., 2000; Shukla et al., 2003; Sobkowiak and Deckert, 2003) .
At the genetic level, in both animals and plants, Cd can induce chromosomal aberrations, abnormalities in
Leaf senescence is a highly regulated process that occurs at the ultimate stage of leaf development (Lim et al., 2003 (Lim et al., , 2007 . In this process, leaf cells undergo dramatic changes in metabolism, including yellowing of the leaves caused by the degradation of chlorophylls, the hydrolysis of membrane lipids and proteins, and the remobilization of macromolecules (Buchanan-Wollaston et al., 2003 Lim et al., 2003 Lim et al., , 2007 . Leaf senescence is indeed an orderly process controlled by genetic information, and gene expression changes were accompanied by the process of leaf senescence. Recently, some senescence-associated genes (SAG, SEN) have been identified to be transcriptionally upregulated in senescing leaves, such as SEN4 (Woo et al., 2001; Zhou et al., 2009) . Senescence can be modulated by both exogenous environmental stresses and endogenous signals (Gan and Amasino, 1995; Hopkins et al., 2007) . Among these endogenous signals, plant hormones play an important role in regulating the integrated information about the development state and environmental conditions (Schippers et al., 2007; Ghanem et al., 2008) . For example, jasmonate (JA) and its mehtyl ester, methyl jasmonate (MeJA) are important cellular regulators that participate in diverse developmental processes as well as plant defence and stress responses (Turner et al., 2002; Balbi and Devoto, 2008) , and the function of MeJA is directly elicited by its de-methylated product, JA. MeJA was first demonstrated to promote senescence in detached oat (Avena sativa) leaves (Ueda and Kato, 1980) . Later, the induction of senescencelike phenotypes by the exogenous application of MeJA or JA were reported in other plant species (Weidhase et al., 1987; Woo et al., 2001; He et al., 2002) . It has been widely known that the JA levels in senescing leaves are 4-fold higher than in non-senescing leaves and that MeJA-induced leaf senescence is based on an intact JA signalling pathway (He et al., 2002) .
Calcium (Ca 2+ ) is well known as a ubiquitous intracellular second messenger (Sanders et al., 2002; Petersen et al., 2005; Clapham, 2007) . Notably, the concentration of the cytosolic Ca 2+ ([Ca 2+ ] cyt ) increases in response to a series of environmental, developmental, and growth stimuli (Yokota et al., 2000; Lecourieux et al., 2006) . The rise of [Ca 2+ ] cyt is considered to be the result of uptake from extracellular stores or the release from internal stores, such as the endoplasmic reticulum or vacuoles (Gilroy et al., 1990; Cessna et al., 1998) . Previous studies suggested that Ca 2+ participated in the regulation of senescence and ripening processes in plants (Chou and Kao, 1992; Ma et al., 2010) . Further evidence revealed a distinct elevation of [Ca 2+ ] cyt in the parsley mesophyll cells isolated from senescent leaves (Huang et al., 1997) . However, the molecular events that mediate this effect of [Ca 2+ ] cyt are not well characterized at present.
Increasing evidence indicates that mitogen-activated protein kinase (MAPK) cascades are involved in various biotic and abiotic stress responses, hormone responses, and developmental processes in plants (Nakagami et al., 2005; Takahashi et al., 2007; Zhou et al., 2009) . It has been revealed that the MAPK family consists of 20 MAPKs, 10 MAPK kinases (MAPKKs), and more than 60 MAPKK kinases (MAPKKK) in the Arabidopsis genome (Ichimura et al., 2002) . Although there is a large number of MAPKs, only three MAPKs, namely MPK3, MPK4, and MPK6 have been studied in detail. Extensive research has provided increasing evidence that MPK6 plays a role in different types of stress response (Teige et al., 2004; Miles et al., 2005) . For example, MPK6 phosphorylates the 1-aminocyclopropane-1-carboxylic acid (ACC) synthases ACS2 and ACS6 which regulate ethylene (ET) induction (Liu and Zhang, 2004) and the MKK3-MPK6 cascade has been reported to participate in the JA signalling pathway (Takahashi et al., 2007) . Recently, a MAPK cascade involving MKK9-MPK6 has been identified to regulate leaf senescence in Arabidopsis. Their loss-of-function analysis showed that the mpk6 mutant had a prolonged lifespan (Zhou et al., 2009) .
Using a yeast screening for proteins from humans, the Bax inhibitor-1 (BI1) protein was first isolated to prevent Bax-induced cell death in yeast (Xu and Reed, 1998) . BI1 protein has several trans-membrane domains and predominantly localizes to the ER membrane (Bolduc et al., 2003; Chae et al., 2003 Chae et al., , 2004 . Homologues of this protein from several plant species including Arabidopsis were cloned and characterized to various extents (Kawai et al., 1999; Sanchez et al., 2000; Kawai-Yamada et al., 2001 Bolduc and Brisson, 2002; Bolduc et al., 2003) . It has been reported that over-expression of AtBI1 also suppresses Baxinduced cell death in Arabidopsis and yeast (Kawai et al., 1999; Sanchez et al., 2000; Kawai-Yamada et al., 2001 . Subsequently, various plant species over-expressing BI1 were shown to inhibit fungal elicitor-, fungal pathogen-, hydrogen peroxide (H 2 O 2 )-, salicylic acid (SA)-, heat-, and cold-induced cell death (Matsumura et al., 2003; Kawai-Yamada et al., 2004) . Expression of AtBI1 is rapidly up-regulated in response to bacteria. However, the induction of AtBI1 was substantially reduced in the JA response mutant coi1 after challenge with the non-pathogen bacteria (Sanchez et al., 2000) . This may suggest a role of BI1 in plant pathogen response and JA signal transduction. Plant BI1 is expressed in various tissues, and their expression levels are enhanced during senescence and under several stresses (Sanchez et al., 2000; Matsumura et al., 2003; Kawai-Yamada et al., 2004) . Northern and real-time reverse transcription-PCR (RT-PCR) show a transient increase in the expression of BI1 during developmental senescence of Brassica oleracea and Ipomoea petals (Coupe et al., 2004; Yamada et al., 2009) . However, the effect of AtBI1 on leaf senescence and the genetic mechanism of the effect have not been fully elucidated.
Since it has been demonstrated that [Ca 2+ ] cyt participate in leaf senescence (Huang et al., 1997) , and in cells overexpressing BI1, far less Ca 2+ was released into the cytosol after Thapsigargin, cyclopiazonic acid (CPA) or H 2 O 2 treatment (Chae et al., 2004; Ihara-Ohori et al., 2007) . The influence of AtBI1 on [Ca 2+ ] cyt with the MeJA treatment was identified. Here, the Arabidopsis atbi1-2 knock-out mutant, the 35S:AtBI1/WT, and 35S:AtBI1/atbi1-2 lines were used to provide evidence that over-expression of AtBI1 functioned to delay MeJA-induced leaf senescence. Physiological, molecular, and biochemical analysis showed that over-expression of AtBI1 delayed MeJA-induced leaf senescence by suppressing the [Ca 2+ ] cyt -dependent activation of MPK6.
Materials and methods

Chemicals
Fluo-3-AM was obtained from Molecular Probes (Eugene, OR, USA). BAPTA-AM, cyclopiazonic acid (CPA), methyl jasmonate (MeJA), and N,N-dimethylformamide (DMF), were purchased from Sigma-Aldrich (Shanghai, China).
Plant materials
The Arabidopsis thaliana (Col-0) genetic background was used in this study. Arabidopsis WT, the atbi1-2 mutant, the mpk6-3 mutant, the 35S:AtBI1/WT, and the 35S:AtBI1/atbi1-2 line plants were grown in an environmentally controlled growth room at 22°C with a 16/8 h light/dark cycle. Leaf numbers 4 and 5 were harvested at 21 d after sowing by cutting leaves at the approximate middle of the petioles with a sharp scalpel to minimize wounding effects.
Plasmid construction and generation of transgenic plants
The open reading frame of AtBI1 was amplified by PCR with the primers 5#-GAATTCTCTAGAATGGATGCGTTCTCTTCC-3# and 5#-GTCGACGGATCCCTTTACATCCCCTCAGTT-3# using cDNA prepared from Arabidopsis (Col-0) as template, and cloned into binary vector pBI121 to allow expression from a CaMV35S promoter. This construct was introduced into Agrobacterium tumefaciens strain GV3101. Arabidopsis wild-type plants (Col-0) and plants homozygous for the atbi1-2 background were transformed by the floral dip method (Clough and Bent, 1998) . The resulting transgenic T 1 seeds were selected by plating on 0.53 Murashige and Shoog (MS) medium (pH 5.8) containing 50 mg l À1 hygromycin. Independent tranformants were screened for the expression level of the AtBI1 transgene by RT-PCR analysis as described previously by Watanabe and Lam (2006) .
Hormone treatment
Leaf numbers 4 and 5 were detached from rosettes 21 d after sowing. The detached leaves were floated on 3 mM MES (2-(Nmorpholino) ethanesulphonic acid) buffer solution (pH 5.8) containing 50 lM final concentration of MeJA (Sharabi-Schwager et al., 2010), or 3 mM MES buffer solution as control. Then leaves were incubated under continuous light for different times (Woo et al., 2001) . Before the experiments, leaves were rinsed briefly three times with sterile water. All the experiments were carried out at 22°C and repeated at least three times.
Measurement of chlorophyll content and photochemical efficiency
Chlorophyll was extracted from two leaf discs by immersion in 1 ml of N,N-dimethylformamide for 48 h in the dark at 4°C (Xiao et al., 2004) . Absorbance was recorded at 664 nm and 647 nm, and total chlorophyll concentration was calculated according to the methods described previously by Porra et al. (1989) . The photochemical efficiency of photosystem II (PSII) was determined using a PAM fluorometer (Walz, Effeltrich, Germany) according to the protocol described previously by Mü ller et al. (2001) . It was calculated by the ratio of maximum variable fluorescence to maximum yield of fluorescence (Fv/Fm), which was used as the measure of the photochemical efficiency of PSII (Oh et al., 1996) . The average value for each experiment was obtained from six independent samples. The chlorophyll content and F v /F m were expressed as the percentage of the initial value of rosettes.
Total RNA extraction and semi-quantitative RT-PCR Total RNA was extracted using the TRIZOL reagent (Invitrogen) according to the manufacturer's specifications. Concentration of RNA was determined by measuring OD at 260 nm. First-strand cDNA was synthesized with the SuperScript II First-Strand Synthesis System (Invitrogen) and 2 ll of the cDNA were used as a template for RT-PCR. Reactions were standardized using specific primers for Actin2 (5#-AACGATTCCTGGACCTGCCTCATCA-TACTC-3# and 5#-AGAGATTCAGATGCCCAGAAGTCTTG-TTCC-3#). The senescence marker gene SEN4 was amplified with the primers 5#-TTCTTCTTCACGACTCTTCTCGT-3# and 5#-GTGGAAACCTCCTATGGTCAGTA-3#; the AtBI1 gene was amplified with the primers 5#-CGCGGATCCTCAGTTTCTCCT-3# and 5#-CCGGAATTCATGGATCGGTTC-3#. The conditions for direct amplification were: at 95°C for 5 min; 28 cycles at 95°C for 30 s, at 58°C for 30 s, and at 72°C for 1 min, followed by a final extension at 72°C for 10 min.
Measurement of cytosolic calcium concentration
Twelve-day-old leaf strips were rinsed with MS solution three times then incubated with Fluo-3/AM ester, a Ca 2+ -sensitive fluorescent dye. The loading procedure was as described by previous study (Zhang et al., 1998) . The leaf strips were first incubated in the MS solution containing 20 lM Fluo-3/AM for 2 h incubation at 4°C, then the leaf strips were washed twice with fresh Fluo-3/AM-free MS medium, followed by incubation in fresh MS solution for another 1-2 h at 20°C in the dark. The fluorescence intensity of Fluo-3 was measured at the indicated times with a fluorescence spectrometer (PerkinElmer, LS55, UK) as described in our previous work (Wen et al., 2008) at 24°C (excitation 488 nm, emission 525 nm, slit width 5 nm). The fluorescence intensity at 525 nm was used to determine the relative [Ca 2+ ] cyt content.
Western blot and MAPK activity assay Protein extracts were extracted from leaf samples incubated in MES buffer solution with or without MeJA at the corresponding time after washing with sterile water. Protein extracts were separated on a 10% (w/v) SDS-PAGE minigel and then Western blot was performed. Plant MAPKs have high homology to mammalian ERK1/2 MAPKs, and ERK1/2 antisera that recognize the dually phosphorylated forms of activated MAPKs can be used to monitor plant MAPK activity (Wang et al., 2010) . Hence, endogenous kinase activity of MPK6 after MeJA treatment was determined using phospho-P44/42 MAPK antibody (Cell Signaling Technology). Subsequently, blots were washed and incubated with an anti-rabbit horse-radish peroxidase secondary antibody.
Accession numbers
Sequence data from this article can be found in the GenBank under the following accession numbers: AtBI1, At5g47120; SEN4, At4g30270; Actin2, At3g18780; mutants of the Arabidopsis mpk6-3 (Salk_127507), atbi1-2 (Salk_042499) used here were purchased at NASC (http://arabidopsis.info).
Results
The atbi1 mutant shows precocious leaf senescence compared with WT plants under MeJA treatment
The atbi1-1 and atbi1-2 mutants of Arabidopsis were shown to accelerate the progression of cell death in the previous study. Whether the gene knock-out mutant shows differences to the WT plants during the MeJAinduced senescence process has been unclear. Various senescence symptoms were examined in the detached leaves of atbi1-2 mutant and WT plants during MeJAinduced senescence. It is shown that 50 lM MeJA incubation for 2 d caused marked yellowing in the atbi1-2 mutant leaves, but barely affected the rosettes of WT plants (Fig. 1A) . The typical senescence-associated physiological markers, chlorophyll content and photochemical efficiency of photosystem II (PSII), were measured and compared in the detached leaves. As shown in Fig. 1 , the chlorophyll content and photochemical efficiency of detached leaves was gradually lost during incubation with MeJA for 5 d. After 3 d of treatment with MeJA in continuous light, remaining chlorophyll content of WT and atbi1-2 leaves were 35% and 15%, and the photochemical efficiency were reduced to 46% and 20%, respectively. However, the changes in the two parameters were not significantly different between WT and mutant leaves in the light only (Fig. 1B, C) . These data showed that the atbi1-2 mutation accelerated MeJA-induced leaf senescence. RT-PCR analysis was then performed to investigate the expression levels of AtBI1 in leaves treated with MeJA. As shown in Supplementary Fig. S2 at JXB online, AtBI1 was up-regulated during incubation with MeJA.
To show that the precocious senescence of atbi1-2 mutants, compared with wild-type plants, is directly associated with the loss of AtBI1 function with MeJA treatment, the complementation experiments were performed. The AtBI1 gene was introduced into the atbi1-2 background mutant and WT Arabidopsis plants, respectively. RT-PCR analysis of the expression levels of AtBI1 under normal conditions in WT, atbi1-2, AtBI1-overexpressing and AtBI1 complementation lines was investigated (see Supplementary Fig. S1 at JXB online). The AtBI1 complementation line leaves senesced similarly to the WT leaves, both in terms of changes in the chlorophyll content and photochemical efficiency (Fig. 1D, E) . These data confirmed that the loss of AtBI1 expression in the atbi1-2 mutant was the cause of the precocious senescence phenotype during MeJA incubation.
Senescence is delayed in the detached leaves of the AtBI1 constitutive over-expression lines
To investigate further whether over-expression of AtBI1 can reduce the extent of MeJA-induced leaf senescence, the genetic and physiological analyses were performed in leaves of WT and AtBI1 constitutive over-expression plants. It could be seen that leaves of WT plants were yellowing in a large area after 5 d treatment with MeJA, whereas those AtBI1 constitutive over-expression plants displayed slight yellowing ( Fig. 2A) . Concurrently, after 3 d treatment with MeJA, the chlorophyll content and photochemical efficiency of the WT leaves were reduced to 32% and 44% but that of AtBI1 over-expressing leaves remained at 60% and 78%, respectively (Fig. 2B, C) . To determine whether over-expression of AtBI1 affects senescence-associated gene expression, the expression of senescence-associated gene SEN4 was examined (Park et al., 1998) . With a continuous treatment with MeJA, the expression of SEN4 increased dramatically. Interestingly, it was obvious that the expression of SEN4 in the WT plants was much higher than that in the AtBI1 over-expressing lines after 3 d incubation withMeJA (Fig. 2D, E) . Collectively, these data allowed us to reach the conclusion that AtBI1 plays a role in controlling leaf senescence induced by MeJA.
Measurement of [Ca 2+ ] cyt in AtBI1-over-expressing and atbi1-2 mutant leaves
Further study was performed to investigate the mechanism of the delaying MeJA-induced leaf senescence by AtBI1 overexpression. As the previous investigation demonstrated, overexpression of AtBI1 attenuated the rise of [Ca 2+ ] cyt following Arabidopsis leaves of 3-week-old seedlings were treated with 50 lM MeJA and the total cellular RNA was extracted from leaves at each time point. Actin2 was used as an internal control. (E) Quantitative analysis was the result of RT-PCR in the statistical method. F v /F m , maximum quantum yield of PSII electron transport (maximum variable fluorescence/maximum yield of fluorescence). Asterisks (*) indicate a significant difference from the wild type treated by MeJA on the same day at *P <0.05 or **P <0.01 by t-test. Data represent mean 6SD of three independent experiments, each including six replications.
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CPA or H 2 O 2 treatment (Ihara-Ohori et al., 2007) . It has also been suggested that JA signalling requires Ca 2+ mobilization (Kenton et al., 1999) . To examine whether MeJA induces [Ca 2+ ] cyt mobilization and then AtBI1 regulates the homeostasis of [Ca 2+ ] cyt , the [Ca 2+ ] cyt content of the atbi1-2 mutant, the AtBI1 over-expressing line, and WT leaf strips during MeJA treatment was detected. Using a fluorescence spectrometer, it was determined that the Fluo-3 fluorescence intensity of the leaf strips had increased after MeJA treatment (Fig. 3) . A 2-fold increase of the fluorescence intensity appeared 15 min after treatment with 50 lM MeJA in the atbi1-2 mutant leaves, and it reached 4.5-fold at 60 min. However, compared with the atbi1-2 mutant, WT leaves only demonstrated a slight change at 15 min after MeJA treatment, and the increased fluorescence intensity was still lower than in the atbi1-2 mutant in any time. Moreover, treatment of 35S:AtBI1/WT leaf strips with MeJA resulted in a slight increase at 45 min compared with the WT leaves (Fig. 3) (Fig. 4A) . However, the photochemical efficiency of PSII was slightly decreased under the combined treatment of MeJA and BAPTA-AM (Fig. 4B) It has been reported that MPK6 plays an important role in regulating leaf senescence (Zhou et al., 2009) . To identify whether MPK6 affects MeJA-mediated leaf senescence, the T-DNA insertion line of MPK6 (mpk6-3) was used. No obvious differences were observed between the mpk6-3 mutant and WT plants under our growth conditions, which is consistent with the previous report by Zhou et al. (2009) . However, visible signs of yellowing were delayed in the mpk6-3 mutants compared with the WT plants (Fig. 5A ). Chlorophyll measurements revealed that exposure to MeJA resulted in major decreases in chlorophyll content that was 37% of the ] cyt is involved in MeJA-induced leaf senescence. (A, B) Detached leaves from WT plants were pre-incubated for 1 h with 10 lM CPA or 1 mM BAPTA-AM, respectively. After pretreatment or not (Control), MeJA was added at the final concentration of 50 lM. Photochemical efficiency in leaves 4 and 5 were measured at the indicated times. F v /F m , maximum quantum yield of PSII electron transport (maximum variable fluorescence/maximum yield of fluorescence). Asterisks (*) indicate a significant difference from the wild type treated by MeJA on the same day at *P <0.05 or **P <0.01 by t test. Data represent mean 6SD of three independent experiments, each including six replications.
decrease in WT plants, and, by contrast, the chlorophyll content of mpk6-3 mutants was decreased to 70% after 3 d MeJA treatment (Fig. 5B) . Delayed senescence symptoms of the mutants were also defined as delayed decrease in photosynthetic activities. The photochemical efficiency of the mpk6-3 mutant was reduced to 75% but that of WT leaves was 42% (Fig. 5C ). The activity of MPK6 in mpk6-3 mutant lines was completely abolished (see Supplementary Fig. S3 at JXB online). These data suggested that MPK6 played an important role in MeJA-mediated leaf senescence.
Ca
2+ functions upstream of MPK6 activation under MeJA treatment
The above results demonstrate that [Ca 2+ ] cyt and MPK6 participated in MeJA-induced leaf senescence, but it remains to be established whether Ca 2+ functions upstream of MPK6 in the MeJA-induced senescence process. Previous studies have shown that Ca 2+ can activate the MAPK cascade under various stimuli. To establish a link between Ca 2+ and MPK6 in response to MeJA, Western blot analysis was performed using the leaves pre-treated with a manipulator for Ca 2+ . As shown in Fig. 6A , during MeJA treatment MPK6 activity was increasing in WT plants from 5 min and increased with the duration of the treatment time, whereas the elevation of MPK6 activity was nearly fully arrested in the leaves pre-treated with the Ca 2+ scavenger BAPTA-AM (Fig. 6B) . These data indicated that Ca 2+ was required for the activation of MPK6 under treatment of MeJA.
Over-expression of AtBI1 suppresses MPK6 activation with MeJA treatment
Since the activity of MPK6 was regulated by Ca 2+ , and AtBI1 could influence the content of [Ca 2+ ] cyt with MeJA treatment, it was interesting to examine the effect of AtBI1 on MPK6 activation induced by MeJA. Our results showed that the activation of the MPK6 was increased along with MeJA treatment time in WT plants (Fig. 7A) . However, the over-expression of AtBI1 significantly inhibited the increment of MeJA-induced activation of MPK6 (Fig. 7B ) compared with the wild-type lines. These data suggested that MeJA could activate MPK6, but the activation of MPK6 could be suppressed by over-expression of AtBI1.
Discussion
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AtBI1 delayed leaf senescence induced by MeJA
MeJA has been demonstrated to promote senescence for a long time (Ueda and Kato, 1980; Reinbothe et al., 2009; Shan et al., 2011) . This phenomenon was exhibited in detached leaves treated with MeJA in this study. The protein Bax inhibitor-1 (BI1), an anti-PCD protein in plants, was shown to participate in stress responses induced by abiotic and biotic factors. However, it was still unknown whether AtBI1 was involved in the regulation of leaf senescence. In the current study, it was noted that leaves of the atbi1-2 mutant exhibited more severe leaf senescence-associated features compared with the WT plants during incubation with MeJA ( Fig. 1A-C) . Previous studies have shown that the expression levels of BI1 are enhanced during senescence and adverse stress responses (Sanchez et al., 2000; Coupe et al., 2004; Kawai-Yamada et al., 2004; Watanabe and Lam, 2008; Yamada et al., 2009) . It was confirmed here that the transcript level of AtBI1 increased with the concomitant progress of MeJAinduced leaf senescence (see Supplementary Fig. S2 at JXB online). These data suggested that AtBI1 was involved in MeJA-induced leaf senescence. Furthermore, the molecular genetic data in this report were consistent with the previous study that MeJA induced the expression of the leaf senescence-associated gene, SEN4. It has been demonstrated that the promotion of leaf senescence by MeJA is based on an intact JA signalling pathway (He et al., 2002) and the AtBI1 induction was substantially reduced in the jasmonate response mutant coi1 (Sanchez et al., 2000) . Therefore, a functional role of AtBI1 may exist in the JA signal pathway. The expression of SEN4 in AtBI1-overexpressing transgenic plants appeared to be much lower than in the WT (Fig. 2D, E) , which was similar to a previous report that the delay-senescence mutant ore9-1 expressed much lower SEN4 than the WT (Woo et al., 2001). Based on these data, the novel function of overexpression of AtBI1 in delaying MeJA-induced leaf senescence in Arabidopsis was confirmed (Figs 1D, E, 2) . To our knowledge, our study is the first report addressing a functional role of AtBI1 in leaf senescence induced by MeJA.
AtBI1 is involved in the MeJA-induced leaf senescence through regulating [Ca 2+ ] cyt level
A decade of studies report that the [Ca 2+ ] cyt level plays an important role in cell death pathways. Elevation in [Ca 2+ ] cyt can be induced by abiotic or biotic stresses such as oxidative stress, cold shock, and pathogenic elicitors (Yokota et al., 2000; White and Broadley, 2003; Lecourieux et al., 2006) . It is reported here that an obvious rise in [Ca 2+ ] cyt was examined in the leaves after a 15 min treatment with MeJA (Fig. 3) , however, a rise in [Ca 2+ ] cyt was found at 1-2 min after H 2 O 2 or CPA treatment (Ihara-Ohori et al., 2007) . The difference in duration and magnitude of [Ca 2+ ] cyt elevation might be caused by the diverse treatments and systems. Indeed, it was demonstrated that [Ca 2+ ] cyt mobilization participated in JAinduced JA-related gene expression and enzyme activation (León et al., 1998; Kenton et al., 1999) . AtBI1 was proved to interact with calmodulin (CaM), suggesting that AtBI1 played an important role in the regulation of Ca 2+ homeostasis (Ihara-Ohori et al., 2007) . To determine whether the effect of AtBI1 on delaying the MeJA-induced leaf senescence is based on the regulation of the [Ca 2+ ] cyt , the changes in [Ca 2+ ] cyt were measured. It was found that the elevation of [Ca 2+ ] cyt in response to MeJA was decreased in AtBI1-over-expressing plants compared with WT plants (Fig. 3) , similar to previous reports that describe that over-expression of human BI1 decreases the ER-releasable Ca 2+ concentration in human fibrosarcoma cells (Foyouzi-Youssefi et al., 2000; Chae et al., 2004) . On the other hand, atbi1-2 mutant leaves showed an obvious accumulation of [Ca 2+ ] cyt in the MeJA treatment. Currently, it has been proved that CPA-and H 2 O 2 -induced Ca 2+ elevation is reduced by over-expression of AtBI1 in tobacco cells (Ihara-Ohori et al., 2007) . These data suggest that AtBI1 played an important role in the regulation of [Ca 2+ ] cyt homeostasis during MeJA-induced leaf senescence. Subsequently, it was tested whether the changes in [Ca 2+ ] cyt were required for MeJA-induced leaf senescence. In our experimental system, CPA was used, a specific inhibitor of animal sarcoplasmic/endoplasmic reticulum Ca 2+ ATPase (SERCA) which is demonstrated to induce rapid [Ca 2+ ] cyt elevation and cell death in animal cells (Wuytack et al., 2003) . When pre-incubated with CPA and then treated with MeJA, the leaves showed a severe reduction of photochemical efficiency (Fig. 4A) . However, in the parallel experiment, it was slightly decreased under the combined treatment with MeJA and the Ca 2+ scavenger BAPTA-AM (Fig. 4B ). These data provided new experimental evidence that [Ca 2+ ] cyt might exert a positive effect on leaf senescence with MeJA treatment. Collectively, AtBI1 may function as the elongation element through regulating the content of [Ca 2+ ] cyt in the MeJAinduced leaf senescence.
The Ca 2+ -dependent MPK6 activation plays an important role in leaf senescence induced by MeJA
Since it has been demonstrated that [Ca 2+ ] cyt homeostasis, regulated by AtBI1, plays an important role in MeJA induced leaf senescence (Fig. 3, 4) , how Ca 2+ could convert the signal into a senescence syndrome in Arabidopsis and what were the downstream compounds of the [Ca 2+ ] cyt should be elucidated. MPK6 has been well known to participate in salt and cold stress and the jasmonic acid signalling pathway (Teige et al., 2004; Takahashi et al., 2007) . Genetic studies using transgenic plants have revealed that the MAPK cascade, MKK3-MPK6, is an important part of the JA signal transduction pathway in Arabidopsis (Takahashi et al., 2007) . It was found here that the activation of MPK6 was increased under MeJA treatment (Fig. 6) . A MAPK cascade involving MKK9-MPK6 has been proved to play an important role in regulating leaf senescence in Arabidopsis, for mkk9 or mpk6 null background plants show a delay in natural leaf senescence (Zhou et al., 2009) . It has been reported that JA levels in natural senescing leaves are 4-fold higher than in non-senescing leaves (He et al., 2002) . These reports prompt us to assume that MPK6 performs a role in MeJA-induced leaf senescence. Consistent with the above hypothesis, the loss-offunction mutant line, mpk6-3, showed a prolonged life span under the treatment of MeJA (Fig. 5 ) and the activation of MPK6 by MeJA was abolished completely in the mpk6-3 mutant (see Supplementary Fig. S3 at JXB online). These results indicated that MeJA-induced leaf senescence is positively regulated by MPK6. Previous studies suggested that Ca 2+ might function upstream of the MAPK activation in some stimuli responses (Fluhr and Bowler, 2000; Romeis et al., 2001) . Our results clearly revealed that the MeJAinduced activation of MPK6 was inhibited by BAPTA (Fig. 6B) , suggesting that MPK6 could be activated via the Ca 2+ -dependent signal pathway in the MeJA-induced leaf senescence. However, it should be noted that, possibly, MPK6 might be activated by other pathways in addition to the Ca 2+ signal transduction, because the activation of MPK6 was not completely diminished under the combined treatment of BAPTA with MeJA. Moreover, it would be worthwhile to test which MAPKK activates MPK6, and how the MPK6 regulates leaf senescence under treatment of MeJA.
Having demonstrated the novel regulatory mechanism of Ca 2+ -mediated MPK6 activation in MeJA-induced leaf senescence, our further experimental results showed that the activation of MPK6 was significantly suppressed in the AtBI1-over-expressing plant leaves under MeJA treatment, implying that the activation of MPK6 is also interrelated with AtBI1 in MeJA-induced leaf senescence (Fig. 7) . However, it should be noted that the activation of MPK6 was not completely diminished in the 35S:AtBI1/WT lines, so other factors may regulate the MPK6 activity, which need to be investigated further. Since over-expression of AtBI1 could reduce the elevation of [Ca 2+ ] cyt under MeJA treatment, it is therefore concluded that over-expression of AtBI1 decreased the content of [Ca 2+ ] cyt , which, in turn, Over-expression of AtBI1 delays MeJA-induced leaf senescence | 9 of 12 Over-expression of AtBI1 delays MeJA-induced leaf senescence | 4471 suppressed the activation of MPK6 and delayed MeJAinduced leaf senescence (Fig. 8) . For the first time, it has been demonstrated that AtBI1 functioned as an intermediate to delay MeJA-induced leaf senescence. Future studies will be required to elucidate the mechanism of the AtBI1 response to the senescence signal caused by MeJA.
Supplementary data
Supplementary data can be found at JXB online. Supplementary Fig. S1 . RT-PCR analysis of the expression of AtBI1 in the plants used in the experiments.
Supplementary Fig. S2 . AtBI1 gene expression is upregulated during MeJA-induced leaf senescence.
Supplementary Fig. S3 . The activity of MPK6 in mpk6-3 mutant lines during MeJA-induced leaf senescence.
